Porcine embryos from *in vitro* maturation (IVM) and *in vitro* fertilization (IVF) develop into blastocysts under *in vitro* conditions \[[@r1],[@r2],[@r3]\]; however, the developmental rates are very low compared with those of oocytes matured and fertilized *in vivo* \[[@r1], [@r3],[@r4],[@r5],[@r6]\]. One factor contributing to this low developmental rate has been thought to be incomplete cytoplasmic maturation of the oocytes that mature *in vitro* \[[@r7]\]. Therefore, considerable improvement has been made to the IVM medium in which porcine oocytes are matured \[[@r7], [@r8]\]. A frequently used standard medium for IVM of porcine oocytes is North Carolina State University (NCSU)-23 \[[@r5]\] with porcine follicular fluid (pFF) supplementation \[[@r9],[@r10],[@r11]\]; however, follicular fluid contains numerous undefined factors and can be contaminated with viral pathogens \[[@r12],[@r13],[@r14],[@r15]\]. Application of a fully defined IVM system eliminating follicular fluid from the medium could decrease the risk of viral contamination during *in vitro* production (IVP) of embryos. Tissue culture medium (TCM)-199, a complete synthetic medium for oocyte maturation, has been used in many laboratories \[[@r2], [@r16],[@r17],[@r18]\]. Blastocyst development \[[@r1], [@r2], [@r16], [@r17]\] and the birth of piglets \[[@r16]\] from oocytes matured in TCM-199 have been reported, although the efficiency has remained low.

To make the IVP system more stable for porcine oocytes using a complete synthetic medium, blastocyst production rate and quality had to be improved. Selection of IVM oocytes with high grades of cytoplasmic maturation for IVF would make further steps more easy by removing low-potential oocytes, saving time and materials and thus costs. Also, the quality of blastocysts, and developmental rate may improve. To do so, a simple, quick, and highly precise method for the evaluation of cytoplasmic maturity is needed. Using stereomicroscopic evaluation, immature oocytes appeared uniform in term of lipid droplet distribution in the cytoplasm ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Status of lipid droplets in porcine germinal vesicle (GV) oocytes. A: Selected COCs for IVM. B: Denuded GV oocyte. C: Immunostaining of lipid droplets. Intracellular lipids and DNA were stained by Nile red (red) and Hoechst 33342 (blue; arrowhead), respectively. Scale bar = 100 µm.). We observed and classified the localization patterns of lipid droplets in matured oocytes after IVM in TCM-199 with stereomicroscope observation. In "class I" oocyte the lipid droplets were uniformly distributed throughout the entire cytoplasm, whereas in "class II" oocytes, the lipid droplets were centrally located in the cytoplasm ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Classification of localization patterns of lipid droplets in porcine oocytes after IVM. Intracellular lipids and DNA were stained by Nile red (red) and Hoechst 33342 (blue; arrowheads), respectively. Scale bar = 30 µm.). As a result, significantly (P\<0.01) more class II oocytes (% ± SEM = 60.9 ± 1.6) were observed after IVM than class I oocytes (27.3 ± 2.6). The remaining 11.8% of oocytes were degraded. The accuracy of classification of lipid droplet distribution by stereomicroscopy was verified by fluorescent lipid-specific staining ([Fig. 2](#fig_002){ref-type="fig"}). To investigate the relationship between the distribution of lipid droplets and developmental rate, we compared developmental ability of class I and class II oocytes after IVF ([Table 1](#tbl_001){ref-type="table"}Table 1.Developmental competence of matured porcine oocytes with different localization patterns of lipid dropletsLipid droplet distributionNo. of oocytesCleavage at Day 2 (%)Blastocyst at Day 7 (%)Cell number/blastocystClass I7764 (85.3 ± 3.4)3 (3.3 ± 2.1)^b^48.7 ± 14.3Class II138110 (80.6 ± 3.8)23 (16.4 ± 3.6)^a^50.6 ± 4.9%: Mean ± SD. Day means day after fertilization. Different superscripts within columns indicate significant differences (P\<0.05; 6 replicates).). The blastocyst developmental rate of class II oocytes was significantly (P\<0.05) higher than that of class I oocytes. However, cell number of the blastocyst was no different. That is, after IVM in TCM-199, the oocytes in which lipid droplets were centrally located had a higher developmental rate. The results suggest that the localization pattern of lipid droplets in porcine IVM oocytes can be an important indicator for selecting oocytes with high developmental competence.

The change in the localization of the cortical granules or mitochondria in IVM had previously been reported as a morphological marker of cytoplasmic maturation \[[@r19],[@r20],[@r21]\]. However, for such investigations, oocytes have to be fixed and dyed during evaluation, and they then cannot be used for *in vitro* fertilization and *in vitro* culture after IVM. The localization pattern of lipid droplets after IVM that became clear in our study is a morphological character that is observation without dye, enabling simple and quick evaluation of live oocytes. Evaluation of lipid droplet localization pattern in porcine IVM oocytes may also be a useful tool for clarifying the relationship between cytoplasmic maturation and developmental competence.

Sturmey and Leese reported that the level of triglycerides, which are main ingredients in lipid droplets in immature porcine oocytes decreased during IVM \[[@r22]\]. In addition, Somfai *et al.* reported that the addition of [L]{.smallcaps}-carnitine to the maturation medium, which enhances lipid metabolism, decreased intracellular lipids in porcine oocytes and improved maturation rate and division capability \[[@r23]\]. In accordance with these reports, our research suggests that lipid metabolism in porcine oocytes had an effect on cytoplasmic maturation in IVM and subsequent embryonic growth.

Methods {#s1}
=======

In vitro maturation
-------------------

Ovaries were collected from prepubertal gilts at a local slaughterhouse and transported to the laboratory in a container within 2 h of extraction. The follicular fluid and porcine oocytes were aspirated from antral follicles (diameter: 3--6 mm) by using a 10-ml syringe attached to an 18-gauge needle. Compact cumulus-oocyte complexes (COCs) with uniformly granulated cytoplasm were selected in PBS supplemented with 0.1% polyvinyl alcohol (PVA; Sigma, St. Louis, USA). After washing in 0.1% PBS-PVA, the COCs were cultured in TCM-199 supplemented with 2.2 mg/ml sodium bicarbonate (Sigma), 570 μM cysteamine (Sigma), 10 ng/ml EGF (Sigma), 100 mIU/ml FSH (Sigma), 100 IU/ml penicillin G (Gibco, Grand Island, USA), and 100 mg/ml streptomycin (Gibco). Groups of 25 oocytes were cultured in 250 μl of medium microdroplets for 44 h in an atmosphere containing 5% CO~2~ at 38.5 C. Each droplet of medium was overlaid with liquid paraffin (Nacalai Tesque, Kyoto, Japan) in a 35-mm dish (Sumitomo Bakelite, Tokyo, Japan). At the end of culture, cumulus cells were removed from oocytes by glass micropipette after treatment with 0.1% hyaluronidase (Sigma) at room temperature.

Selection of lipid droplet localization patterns
------------------------------------------------

After IVM, matured oocytes exposing the first polar body were selected under a stereomicroscope (Olympus, SZ-40, Tokyo, Japan) and used for subsequent experiments. Matured oocytes were observed with a stereomicroscope and classified according to the localization patterns of the lipid droplets. The standard classification of lipid droplet distribution was performed by using the public domain ImageJ program (developed at the U.S. National Institutes of Health and available on the Internet at http://rsb.info.nih.gov/ij). Matured oocytes were photographed using an inverted microscope (Olympus, IX70) and photography software (Olympus, DP2-BSW), and the pictures were transformed into 8-bit grayscale images. The area of the oocyte measured in the number of pixels, and the percentage of the total oocyte area occupied by lipid droplets was computed. An area showing a pixel intensity of 50 or less was assumed to be occupied by lipid droplets. In "class I" oocytes, the lipid droplets were uniformly distributed throughout the entire cytoplasm, whereas in "class II" oocytes, the lipid droplets were centrally located and covered less than 70% of the cytoplasm.

Evaluation of lipid droplets and chromosomes by confocal laser scanning microscopy
----------------------------------------------------------------------------------

Oocytes were stained by the method of X-W Fu *et al.* with some modifications \[[@r24]\]. Denuded oocytes were fixed with 4% paraformaldehyde (Sigma) in phosphate-buffered saline (PBS) containing 0.1% polyvinyl alcohol (PBS-PVA) for at least 90 min at room temperature. The fixed oocytes were then rinsed three times in PBS-PVA, for 5 min each, and treated overnight with 10 μg/ml Nile red solution (Invitrogen, Grand Island, USA) dissolved in PBS-PVA at room temperature. The Nile red stock solution (1 mg/ml) was prepared by dilution in dimethyl sulfoxide (DMSO; Sigma) and stored at room temperature in the dark. Final concentrations were obtained by diluting the stock with saline solution. The following morning, they were briefly washed in PBS-PVA and stained with 5 µg/ml Hoechst 33342 (Sigma) in PBS-PVA for 20 min at room temperature. After being washed two additional times in PBS (5 min each), oocytes were mounted on nonfluorescent slides and observed under a confocal laser-scanning microscope (Zeiss LSM700, Oberkochen, Germany). Each treatment was repeated at least three times.

In vitro fertilization and culture
----------------------------------

The methods for IVF and IVC were based on those described by Kikuchi *et al.* (2002) \[[@r11]\]. Epididymides from a Landrace boar were obtained, and epididymal spermatozoa were collected and frozen. Spermatozoa were thawed and preincubated for 30 min at 38.5 C in TCM-199 adjusted to pH 7.8. Fertilization medium (Pig-FM) for porcine oocytes consisting of 90 mM NaCl, 12 mM KCl, 25 mM NaHCO~3~, 0.5 mM NaH~2~PO~4~, 0.5 mM MgSO~4~, 10 mM sodium lactate (Kanto Chemical, Tokyo, Japan), and 10 mM HEPES was modified further by adding 8 mM CaCl2, 2 mM sodium pyruvate (Sigma), 2 mM caffeine, and 5 mg/ml BSA (Fraction V; Sigma). A portion (10 µl) of the preincubated spermatozoa was introduced into 90 µl of fertilization medium containing approximately 10 denuded oocytes. The final sperm concentration was adjusted to 1 × 10^5^/ml. *In vitro* fertilization was carried out at 38.5 C under 5% CO~2~. After IVF for 3 h, all putative zygotes were freed from the attached spermatozoa and transferred into IVC medium. The day of insemination was defined as day 0. The basic IVC medium was NCSU-37 containing 4 mg/ml BSA (Sigma) and 50 mM β-mercaptoethanol. Two types of IVC medium were prepared: 1) basic supplemented with 0.17 mM sodium pyruvate and 2.73 mM sodium lactate (IVC-PyrLac) and 2) basic with 5.55 mM D-glucose (IVC-Glu; Wako, Osaka, Japan), as originally reported \[[@r5]\]. Groups of 20 oocytes were cultured in 500 μl of IVC-PyrLac for 48 h, and then incubated in the IVC-Glu for an additional 120 h in an atmosphere containing 5% CO~2~ at 38.5 C. Each droplet of medium was overlaid with liquid paraffin (Nacalai Tesque) in 4-well dishes (Nunc). These experiments were repeated at least five times.

Evaluation of embryo development
--------------------------------

To examine their ability to develop into the blastocyst stage *in vitro*, all embryos and oocytes were cultured for 7 days, fixed and stained with 5 µg/ml Hoechst 33342 in PBS supplemented with 0.1% PVA; embryos were mounted on nonfluorescent slides and observed under a confocal laser-scanning microscope (Zeiss LSM700). An embryo with a clear blastocoel was defined as a blastocyst for the purposes of this study. The rate of blastocyst formation was evaluated, and the total number of cells in each blastocyst was evaluated as an indicator of embryo quality.

Statistical analysis
--------------------

Statistical analyses were carried out using analysis of variance (ANOVA) and Fisher\'s protected least significant difference test using StatView. Differences of P\<0.05 were considered significant.
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